Starting from epoxy based systems suited for high temperatures, different dispersed materials, like aluminium particles, milled carbon and glass fibres were added to the polymeric matrix for Rapid Tooling applications. Aluminium is intended to increase the thermal conductivity of the tool, while the milled fibres improve the wear resistance of the composite tool. In this communication mathematical models for mechanical behaviour of these epoxy matrix composites are discussed. The research is essentially focused on the elastic modulus, because the properties related with the material failure are difficult to analyse due to the complexity of the mechanism that controls the failure of polymer based composite materials. Halpin-Tsai-Nielsen and Halpin-Tsai models were applied to the particulate filled and fibre reinforced epoxy systems, respectively. A critical analysis of the mismatches detected between the experimental and the theoretical values allowed us to propose a semi-empirical model more suited to the results obtained. Parameters related with the particle-matrix and fibre-matrix interface influence the mechanical behaviour of the particulate and milled fibre reinforced composites.
Introduction
Resin tooling based in CAD 3D models and Rapid Prototyping (RP) is one of the most promising Rapid Tooling (RT) technologies used in industry. The thermal conductivity of the resins is improved with metallic loadings, while fibres contribute to a higher tool wear resistance with little loss in the processing capacity [1] .
In this work, polymeric materials filled with aluminium particles and fibres are cast over rapid prototyping models. After polymerization, the tools obtained are used in the injection of plastic parts. The composite properties depend on the phase's relative volume fractions and on the interfaces characteristics.
In general, the dispersed phases, particles or fibres, are stiffer and stronger than the matrix, affecting the mechanical properties of the mixture. Particles and fibres act as obstacles to the resin flow under loading. The initial deformation capacity is restricted and the modulus increases with the fibre and/or particle volume fraction (V f and V p , respectively). For the same concentration, when fibre diameter or aluminium particles size increases, their amount decrease, and so these two variables have opposite effects in the composite modulus value.
In fibre reinforced composites, the matrix plays an important fibre protection function and ensures the fibre-matrix interaction. The reinforcement efficiency depends, partially, on the load sharing between the matrix and the fibre. For this reason, there is a minimum critical length, l C , for the fibre to have a reinforcement action and, consequently, contributing with all its strength. This critical length is determined by the fibre tensile strength and the shear strength of the fibre-matrix interface, and can be obtained from [2] :
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where, f is the normal stress in the fibre, c the interfacial shear stress and d f the fibre diameter.
Materials
Two common epoxy matrix systems, of high (A) and medium temperature (B), indicated for structural reinforcement were employed. The A epoxy component is an aromatic glycidyl amine while the B one is based on the reaction between bisphenol A and F with epichlorhydrin. The hardener is a cycloaliphatic polyamine. As dispersed phases, different types of aluminium particles and fibres were employed: fine class aluminium particles with a medium equivalent diameter of 45 µm (0.38, 0.41 and 0.45 V p for aluminium/epoxy mixtures); mixture of coarse aluminium particles (medium equivalent diameter of 1400 µm) with fine aluminium particles (0.50 V p ); milled glass fibres (GF) of 215 x 11.5 µm, l f xd f (length x diameter) with an elastic modulus (E f ) of 72 GPa and lc of 0.51 mm; milled carbon fibres (CF) of 63 x 7.5 µm with E f of 228 GPa and lc of 0.24 mm.
Two different composites were produced, simple, with only one dispersed phase, and a hybrid, with a mixture of aluminium particles (0.4 V p ) and fibres. The hybrid composites are indicated by an asterisk.
Reference Models
The filled composites with particles and milled fibres, manufactured by manual casting, present all the phases randomly distributed, which means that they can be considered approximately isotropic.
In order to estimate the composite elastic modulus, E c, for particle filled composites, the Halpin-Tsai-Nielsen model can be employed [3, 4] :
where A, B and depend on (see reference 4): the particle shape; V pm (maximum particle volume fraction) which is affected by the particle shape and packing configuration (table 5 of reference [4] ); E m (elastic modulus of the matrix); E p (elastic modulus of the particles).
Furthermore, when the composite also has randomly oriented milled fibres, the elastic modulus, is given by [4] :
where E L and E T are the longitudinal and transversal tension modulus, respectively. These modulus can be estimated by the Halpin-Tsai equations [4] .
Results
The above models were used to predict the results obtained with the flexural tests.
Tensile tests were also performed, but due to a fair agreement among the experimental, reference and proposed models results, flexural test were only preferred.
Particle reinforcement. The results obtained with composites reinforced with aluminium particles (Eq. 2) are displayed in Table 1 . The Halpin-Tsai-Nielsen model highlights, as main factors, the particle volume fraction, the E p /E m ratio and the maximum particle volume fraction, V pm . The variation range of the theoretical results (Halpin) with the particle volume fraction is higher than the one obtained with the experimental results. The composite study revealed that the particle size and distribution, and the resin viscosity significantly affect the material strength and the elastic constants. As is displayed on V pm term was determined considering the effect of the particle shape and the packing configuration (obtained from table 5, reference [4] ). In this context, a modified model was used, in which V pm now represents the effect of the real packing capacity of the particle mixture with the liquid resin. The latter was experimentally determined from a mixture with a viscosity of about 55 Pa.s (Brookfield, spindle 7, 50 rpm) and basically depends on the resin viscosity and the particle size and distribution. Milled fibre reinforcement. Theoretical models to predict the mechanical behaviour are, in general, applied to continuous and chopped fibres. These fibres ensure a more efficient structural reinforcement than the milled fibres, which usually present lengths lower than the respective critical length. The suitability of the application of these models to predict the milled fibre reinforced composites behaviour was analysed and compared with the experimental results. Subsequently, a more suited model for these composite materials was formulated.
The Halpin-Tsai model (Eq. 3), besides its complexity, and the elevated number of parameters that have to be estimated, namely, the longitudinal and transversal fibre modulus, fibre lengthdiameter ratio, fibre volume fraction and matrix modulus, does not show good agreement for milled fibres composites (Table 1(b) ). In these experiments, where fibres with lengths lower than the critical length were used, the parameter l f 1.2 / (d f 0.1 x l c 1.1 ) has to be considered, because it represents the influence of the fibres geometry and the interface quality (load sharing capacity between the matrix and the fibres) on the composite stiffness. Fibre addition to a matrix already filled with aluminium, increases its stiffness, so has an additive effect. For this reason, a model based in the rule of mixtures was employed. The term that was adapted to the behaviour of this hybrid composite, was obviously the term referring to the fibre. Besides taking in account the fibre modulus (E f ), the volume fraction (V f ), the fibre length and diameter, also the l C parameter was included in the formula to promote a good conformity between the theoretical and practical values.
The semi-empirical proposed model for l f lower than l C was:
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Advanced Materials Forum II When hybrid composites are used (particles and milled fibres filled resins), E m in Eq. 5 represents the elastic modulus of the matrix already filled with particles. The results obtained with this new model are indicated in Table 1(b) .
Conclusions
The mathematical model proposed for metallic particle filled polymers was partially based on the Halpin-Tsai-Nielsen model. Although this latter model considers all the factors that contribute to the real composite mechanical behaviour, it also includes a term relative to the maximum particle volume fraction (V pm ) which is not well defined. The particle size and distribution and the wettability of the polymeric system are not considered. These parameters interfere in the matrixparticle interface properties, namely on the respective bond strength and stiffness and, certainly, on the composite mechanical behaviour. The experimentally obtained V pm parameter, reproduces these interactions and allows a more accurate adjustment between the semi-empirical model and the experimental data.
The experimental results obtained for milled fibre reinforced composites have shown a significant mechanical behaviour improvement, suggesting that the milled fibres contribution to the overall modulus is very effective. The good correlation obtained between experimental and theoretical values, demonstrates that the l f 1.2 / (d f 0.1 x l c 1.1 ) parameter is important to determine the composites elastic modulus. It also shows the contribution of the fibre geometry and the critical length to the overall composite stiffness.
The proposed model, based in the rule of mixtures, leads to the conclusion that the composite final modulus is the result of the fibre addition contribution and the matrix. This model was only applied to aluminium particles, glass and carbon fibres, but considers not only one dispersed phase, but also the mixture of particles and fibres. Finally, it seems acceptable, in the case of hybrid composites, composed by two or more dispersed phases, to conclude that the effect of the phases on the elastic modulus can be considered independent and additively.
